The cross-sections of ψ(2S) meson production in proton-proton collisions at √ s = 13 TeV are measured with a data sample collected by the LHCb detector corresponding to an integrated luminosity of 275 pb −1 . The production crosssections for prompt ψ(2S) mesons and those for ψ(2S) mesons from b-hadron decays (ψ(2S)-from-b) are determined as functions of the transverse momentum, p T , and the rapidity, y, of the ψ(2S) meson in the kinematic range 2 < p T < 20 GeV/c and 2.0 < y < 4.5. The production cross-sections integrated over this kinematic region are σ(prompt ψ(2S), 13 TeV) = 1.430 ± 0.005 (stat) ± 0.099 (syst) µb, σ(ψ(2S)-from-b, 13 TeV) = 0.426 ± 0.002 (stat) ± 0.030 (syst) µb.
Introduction
The study of hadronic production of heavy quarkonia can provide important information about quantum chromodynamics (QCD). The production of heavy quark pairs, QQ, can be calculated with perturbative QCD, while the hadronisation of QQ pairs into heavy quarkonia is nonpertubative and must be determined using input from experimental results. Heavy-quarkonium production therefore probes both perturbative and nonperturbative aspects of QCD by providing stringent tests of theoretical models. Knowledge of hadronic production of heavy quarkonium has been significantly improved in the past forty years [1, 2] , but the mechanism behind it is still not fully understood. Colour-singlet model calculations [3] [4] [5] [6] [7] [8] [9] require that the intermediate QQ state is colourless and has the same J P C quantum numbers as those of the outgoing quarkonium state. In the nonrelativistic QCD (NRQCD) approach [10, 11] , intermediate QQ states with all possible colour-spin-parity quantum numbers have nonzero probability to be transformed into the desired quarkonium. The transition probability of a QQ pair into the quarkonium state is described by a longdistance matrix element (LDME), which is assumed to be universal and can be determined from experimental data.
In high-energy proton-proton (pp) collisions, charmonium states can be produced directly from hard collisions of partons inside the protons, through the feed-down from excited states, or via weak decays of b hadrons. The first two contributions, which cannot be distinguished experimentally, are referred to as prompt production; while the third component can be separated from prompt production by exploiting the lifetime of b-hadrons. For prompt J/ψ production the feed-down contribution is large, mostly from radiative decays of χ cJ (J = 0, 1, 2) mesons. This complicates the comparison between theoretical calculations and experimental results. On the contrary, the feed-down contribution to ψ(2S) mesons is negligible [12] , thus theoretical calculations can be directly compared with measurements.
The studies of heavy quarkonium production are crucial to separate the contributions of single parton scattering (SPS) [13] and double parton scattering (DPS) [14] to multiplequarkonium production. Multiple-quarkonium production through the SPS process shares the same LDMEs as the single quarkonium production, thus providing a new method to test the theoretical calculations. The DPS process can reveal the transverse profile of partons inside the proton. Further theoretical and experimental works provide deeper insights on how to interpret the production mechanism of multiple quarkonia. In particular, additional data help in improving the precision of LDME determination.
The differential cross-sections of inclusive ψ(2S) meson production in pp collisions at centre-of-mass energies of √ s = 1.8 and 1.96 TeV were measured by the CDF experiment at the Fermilab Tevatron Collider [15, 16] , and in pp collisions at √ s = 7 TeV [17-22], 8 TeV [22] , and 13 TeV [23] with LHC data. This paper presents measurements of ψ(2S) production cross-sections in pp collisions using a data sample collected by LHCb in 2015 (2011) corresponding to an integrated luminosity of 275 ± 11 pb −1 at √ s = 13 TeV (614 ± 11 pb −1 at √ s = 7 TeV). The ψ(2S) mesons from prompt production are abbreviated as "prompt ψ(2S)", while those from b-hadron decays are abbreviated as "ψ(2S)-from-b". The ψ(2S) mesons are reconstructed through their decay mode ψ(2S) → µ + µ − . The double-differential production cross-sections of prompt ψ(2S) and ψ(2S)-from-b as functions of transverse momentum p T and rapidity y and their integrated production crosssections are measured, assuming zero polarisation of the ψ(2S) meson. The kinematic region of the measurement at 13 TeV (7 TeV) is 2 < p T < 20 GeV/c (3.5 < p T < 14 GeV/c) and 2.0 < y < 4.5. Compared to the previous LHCb measurement at 7 TeV using 2010 data [18] , the new analysis at 7 TeV has several advantages: the 2011 data sample is much larger than that in the previous measurement corresponding to an integrated luminosity of 36 pb −1 , the previous measurement did not provide the ψ(2S) production cross-section as a function of the rapidity y because of the limited sample size, and the same final state and offline selection criteria as those in the 13 TeV measurement are used in the new 7 TeV measurement. This guarantees that the maximum number of systematic uncertainties cancel in the cross-section ratio between 13 TeV and 7 TeV, which is measured in the present analysis. This represents a more stringent test of the theoretical models, since many of the experimental and theoretical uncertainties cancel. Finally, the ψ(2S) meson differential production cross-sections are compared with those of the J/ψ meson at √ s = 13 TeV [24].
Detector and simulation
The LHCb detector [25, 26] is a single-arm forward spectrometer covering the pseudorapidity range 2 < η < 5, designed for the study of particles containing b or c quarks. The detector includes a high-precision tracking system consisting of a siliconstrip vertex detector surrounding the pp interaction region [27] , a large-area silicon-strip detector located upstream of a dipole magnet with a bending power of about 4 Tm, and three stations of silicon-strip detectors and straw drift tubes [28, 29] placed downstream of the magnet. The tracking system provides a measurement of the momentum, p, of charged particles with a relative uncertainty that varies from 0.5% at low momentum to 1.0% at 200 GeV/c. The minimum distance of a track to a primary vertex (PV), the impact parameter (IP), is measured with a resolution of (15 + 29/p T ) µm, where p T is in GeV/c. Different types of charged hadrons are distinguished using information from two ring-imaging Cherenkov detectors [30] . Photons, electrons and hadrons are identified by a calorimeter system consisting of scintillating-pad (SPD) and preshower detectors, an electromagnetic calorimeter and a hadronic calorimeter. Muons are identified by a system composed of alternating layers of iron and multiwire proportional chambers [31] . The online event selection is performed by a trigger [32] , which consists of a hardware stage, based on information from the calorimeter and muon systems, followed by a software stage, which applies a full event reconstruction. Simulated samples are used to evaluate the ψ(2S) detection efficiency. In the simulation, pp collisions are generated using Pythia 8 [33, 34] with a specific LHCb configuration [35] . Decays of unstable particles are described by EvtGen [36] , in which final-state radiation is generated using Photos [37] . Both the leading-order colour-singlet and colour-octet contributions are included in the generated prompt charmonium states [35, 38] . These states are generated with zero polarisation. The interaction of the generated particles with the detector, and its response, are implemented using the Geant4 toolkit [39] as described in Ref. [40] .
Selection of ψ(2S) candidates
The decay channel ψ(2S) → µ + µ − is used in the measurements of the ψ(2S) production cross-sections at both 13 TeV and 7 TeV data samples. The same strategy is used for both analyses, except for different trigger requirements. The hardware trigger selects events that contain two tracks consistent with muon hypotheses, and the product of the transverse momenta of the two muons is required to be greater than (1.3 GeV/c) 2 . At the software trigger stage the two muons are required to be oppositely charged, to have good track quality, to form a good-quality vertex, and to each have a momentum larger than 6 GeV/c. The invariant mass of the ψ(2S) candidates is required to be within the range 3566 < m µ + µ − < 3806 MeV/c 2 . The transverse momentum of each muon is required to be larger than 0.3 GeV/c (0.5 GeV/c) and that of the ψ(2S) candidate is required to be larger than 2 GeV/c (3.5 GeV/c) for the 13 TeV (7 TeV) data trigger. Due to the different triggers, the ψ(2S) candidates are selected in different p T ranges. For the 13 TeV data taking, an alignment and calibration of the detector is performed in near real-time [41] and updated constants are made available for the trigger.
To suppress the background associated to random combination of tracks (combinatorial) more stringent criteria are applied offline on the ψ(2S) vertex fit quality, the muon kinematics and particle identification requirements. Each muon must have p T > 1.2 GeV/c and 2.0 < η < 4.9. At least one PV should be reconstructed in the event from at least four tracks in the vertex detector.
For events with more than one PV, the ψ(2S) candidate is associated to the PV for which the difference in the χ 2 of the PV fit with and without the ψ(2S) candidate is the smallest. To select ψ(2S) candidates, additional requirements on the pseudo decay time, t z , and its uncertainty, σ tz , |t z | < 10 ps and σ tz < 0.3 ps, are applied. The pseudo decay time t z is defined as
where z ψ(2S) (z PV ) is the z coordinate of the reconstructed ψ(2S) decay vertex (the PV), p z is the z-component of the measured ψ(2S) momentum, and M ψ(2S) is the known ψ(2S) mass [12] . The z-axis is the direction of the proton beam pointing downstream into the LHCb acceptance [25] . The pseudo decay time defined above provides a good approximation of the b-hadron decay time [42] and is used to separate prompt ψ(2S) and ψ(2S)-from-b candidates.
Cross-section determination
The double-differential production cross-section for prompt ψ(2S) or ψ(2S)-from-b in a given (p T , y) bin is defined as
where N (p T , y) is the signal yield, ε tot (p T , y) is the total detection efficiency of the ψ(2S) → µ + µ − decay for prompt ψ(2S) or ψ(2S)-from-b in the given (p T , y) bin, L int is the integrated luminosity, B is the branching fraction of the decay ψ(2S) → µ + µ − , and ∆p T = 1 GeV/c and ∆y = 0.5 are the bin widths. The integrated luminosity is determined using the beam-gas imaging and, for the 7 TeV data, also the van der Meer scan methods [43] . Assuming lepton universality in electromagnetic decays, B(ψ(2S) → e + e − ) = (7.89 ± 0.17) × 10 −3 [44] is used in Eq. 2, taking advantage of the much smaller uncertainty compared to the ψ(2S) → µ + µ − decay. The difference of the two branching fractions introduced by the mass difference between electrons and muons is negligible.
The yields of prompt ψ(2S) and ψ(2S)-from-b candidates in each (p T , y) bin are determined from a two-dimensional extended unbinned maximum-likelihood fit to the distributions of the invariant mass, m µ + µ − , and t z of the ψ(2S) candidates. The correlation between m µ + µ − and t z is found to be negligible. The invariant-mass distribution of the signal candidates in each bin is described by the sum of two Crystal Ball (CB) functions [45] with a common mean value and different widths. The parameters of the power-law tails, the relative fractions and the difference between the widths of the two CB functions are fixed to values obtained from simulation, leaving the mean value and the width of one of the CB functions as free parameters. The invariant-mass distribution of the combinatorial background is described by an exponential function with the slope parameter free to vary in the fit. The t z distribution of prompt ψ(2S) mesons is described by a Dirac δ function at t z = 0, and that of ψ(2S)-from-b by an exponential function, both convolved with the sum of two Gaussian functions. A ψ(2S) candidate can also be associated to a wrong PV, resulting in a long tail component in the t z distribution. This shape is modelled from data by calculating t z between the ψ(2S) candidate from a given event and the closest PV in the next event of the sample. The background t z distribution is parametrised with an empirical function based on the observed shape of the t z distribution in the ψ(2S) mass sidebands (3566 < m µ + µ − < 3620 MeV/c 2 and 3750 < m µ + µ − < 3806 MeV/c 2 ). It is parametrised as the combination of a Dirac δ function and the sum of five exponential functions, three for positive t z and two for negative t z . This sum is convolved with the sum of two Gaussian functions. All parameters of the background t z distribution are fixed to values determined from the ψ(2S) mass sidebands independently in each (p T , y) bin. Figure 1 shows as an example the m µ + µ − and t z distributions in the kinematic bin corresponding to 5 < p T < 6 GeV/c and 2.5 < y < 3.0 for the 13 TeV data sample. The one-dimensional projections of the fit result are also presented. The total signal yields of prompt ψ(2S) and ψ(2S)-from-b in the kinematic range for the 13 TeV sample are (440.7 ± 1.2) × 10 3 and (140.0 ± 0.5) × 10 3 , and for the 7 TeV sample are (433.9 ± 0.9) × 10 3 and (115.1 ± 0.4) × 10 3 , respectively. The total efficiency, ε tot , in each kinematic bin is determined as the product of the geometrical acceptance of the detector and the efficiencies of particle reconstruction, event selection, muon identification and trigger requirements. The detector acceptance, selection and trigger efficiencies are calculated using simulated samples in each (p T , y) bin, independently for prompt ψ(2S) and ψ(2S)-from-b. The trigger efficiencies are also validated using data, as explained in Section 5. The track reconstruction and the muonidentification efficiencies are evaluated using simulated samples and calibrated with data. The efficiencies of prompt ψ(2S) and those of ψ(2S)-from-b are very similar. Figure 1 : Distributions of (left) the invariant mass m µ + µ − and (right) pseudo decay time t z of selected ψ(2S) candidates in the kinematic bin of 5 < p T < 6 GeV/c and 2.5 < y < 3.0 in the 13 TeV data sample. Projections of the two-dimensional fit result are also shown. The solid (red) line is the total fit function, the shaded (green) area corresponds to the background component. The prompt ψ(2S) contribution is shown in cross-hatched (blue) area, ψ(2S)-from-b in a solid (black) line and the tail contribution due to the association of ψ(2S) with the wrong PV is shown in filled (magenta) area. The tail contribution is invisible in the invariant-mass plot.
Systematic uncertainties
A variety of sources of systematic uncertainty are studied as described below and are summarised in Table 1 . For the uncertainties that vary in kinematic bins, the largest uncertainties always appear in the bins with small sample sizes.
The uncertainty related to the modelling of the signal mass shape is studied by replacing the baseline model with a kernel-density estimated distribution [46] obtained from the simulated sample in each kinematic bin. In order to account for the resolution difference between data and simulation, a Gaussian function is used to smear the shape of the Table 1 : Systematic uncertainties on the ψ(2S) cross-section measurements. The uncertainty from the t z fit only affects the ψ(2S)-from-b result. Uncertainties labelled with " * " are correlated between kinematic bins. 
distribution in simulation. The relative difference of the signal yield in each kinematic bin, 0.0-4.1% (0.0-8.5%) for the 13 TeV (7 TeV) sample, is taken as the systematic uncertainty due to signal mass shape. Due to the presence of final-state radiation in the ψ(2S) → µ + µ − decay, a fraction of ψ(2S) candidates fall outside the mass window used to determine the signal yields. The efficiency of the selection of the mass window is estimated using simulated samples, and the imperfect modelling of the radiation is studied by comparisons of the radiative tails between simulation and data, from which an uncertainty of 1.0% is assigned to the cross-sections in all kinematic bins.
The track detection efficiencies are determined from a simulated sample in each (p T , y) bin of the ψ(2S) meson, and are corrected by using J/ψ → µ + µ − decays reconstructed in a control data sample and in simulation. These efficiencies are calculated as functions of p and η with a tag-and-probe approach [47] . The uncertainties due to the finite size of the control samples are propagated to the results using a large number of pseudoexperiments. In each pseudoexperiment, a new efficiency-correction ratio in each (p T , y) bin is generated according to a Gaussian distribution where the original ratio and its uncertainty are used as the Gaussian mean and standard deviation, respectively. The contribution to the systematic uncertainty in each kinematic bin of ψ(2S) mesons varies from 0.1% (0.7%) to 2.4% (3.0%) for the 13 TeV (7 TeV) data sample. The distribution of the number the SPD hits in simulation is weighted to match that in data to correct the effect of the detector occupancy. As a crosscheck the number of tracks is used as an alternative weighting variable. The tracking efficiencies are found to be different when different variables are used. Therefore, an additional systematic uncertainty of 0.8% (0.4%) per muon track is assigned for the 13 TeV (7 TeV) sample.
The muon identification efficiency is determined from simulation and calibrated with a data sample of J/ψ → µ + µ − decays. The statistical uncertainty due to the finite size of the calibration sample is propagated to the final results using pseudoexperiments. The resulting uncertainties vary from 0.1% (0.7%) to 1.1% (8.9%) in different (p T , y) bins for the 13 TeV (7 TeV) sample. The uncertainty related to the kinematic binning scheme of the calibration samples is studied by changing the size and the boundaries of p and η bins, and the number of the SPD hits. This leads to systematic uncertainties of 0.1-4.6% (0.4-5.4%) for the 13 TeV (7 TeV) sample.
The trigger efficiency is determined from simulated samples. To estimate the systematic uncertainty, a tag-and-probe method is used to estimate the trigger efficiencies in each (p T , y) bin of a ψ(2S) data sample that is independent of the detection of ψ(2S) signals [32] . The same procedure is applied to the simulated ψ(2S) samples, and the relative difference of efficiencies between data and simulation in each kinematic bin, 0.1-9.3% (0.0-4.4%) for the 13 TeV (7 TeV) sample, is taken as a systematic uncertainty.
The p T and y distributions of ψ(2S) mesons in simulation and in data could be different within each kinematic bin due to the finite bin size, causing differences in efficiencies. The possible discrepancy is studied by weighting the kinematic distribution in simulation to match that in data. All efficiencies are recalculated, and the relative differences of the total efficiencies between the new and the nominal results, which are found to be in the range 0.0-2.0% (0.0-4.9%) for the 13 TeV (7 TeV) sample, are taken as systematic uncertainties.
The integrated luminosity is determined using the beam-gas imaging method for the 13 TeV data sample, and by a combination of the beam-gas imaging and van der Meer scan methods [43] for the 7 TeV data sample. The uncertainty associated with the luminosity determination is 3.9% (1.7%) for the 13 TeV (7 TeV) sample. The uncertainty of the branching fraction of the ψ(2S) → e + e − decay, 2.2%, is taken as a systematic uncertainty [44] . The limited size of the simulated sample in each bin leads to uncertainties of 0.7-11.5% (1.3-13.1%) for prompt ψ(2S) and 0.8-5.7% (1.2-9.5%) for ψ(2S)-from-b for the 13 TeV (7 TeV) sample, and are smaller than or comparable with the data statistical uncertainty in each bin.
There are sources of systematic uncertainties that are related to the t z variable, the effects of which are notable for ψ(2S)-from-b and are negligible for prompt ψ(2S). The modelling of the t z resolution is modified by adding a third Gaussian to the nominal resolution model. The variation in the ψ(2S)-from-b fraction F b is found to be negligible. An alternative method is adopted to estimate the systematic uncertainty due to the modelling of the background t z distribution. In this method, the background distribution is obtained with the sPlot technique [48] using the invariant mass as the discriminating variable. The t z distribution is then parametrised for the two-dimensional fits to obtain the fraction F b . The relative difference of F b in each kinematic bin between the two methods is taken as a systematic uncertainty. The total systematic uncertainty on the ψ(2S)-from-b cross-section related to the t z fit model is 0.1-8.4% (0.1-9.2%) for the 13 TeV (7 TeV) sample.
Results

Production cross-sections
The double-differential production cross-sections for prompt ψ(2S) and ψ(2S)-from-b are measured as functions of p T and y assuming no polarisation of ψ(2S) mesons. The results are shown in Figs. 2 and 3 , respectively. The corresponding values are listed in Tables 2, 3 The production cross-sections of prompt ψ(2S) and ψ(2S)-from-b in the kinematic range 2.0 < y < 4.5 and 3.5 < p T < 14 GeV/c at 7 TeV, integrated over all (p T , y) bins, are measured to be:
As mentioned above, these results are obtained under the assumption of zero polarisation of ψ(2S) mesons. The measurement of ψ(2S) polarisation in pp collisions at 7 TeV [51] shows no large transverse or longitudinal polarisation over the accessible phase-space domain. The values of λ θ , the polarisation parameter in the helicity frame [52] , are between 0 and −0.2 in almost all p T bins.
The production cross-sections increase up to 3.5% for ψ(2S) mesons when the longitudinal polarisation of λ θ = −0.2 is assumed. Table 10 in Appendix A. Only statistical uncertainties are shown owing to the cancellation of most contributions except for that due to the t z fit, which is negligible. For each y bin, the fraction increases with increasing p T of ψ(2S) mesons. For each p T bin, the fraction decreases with increasing y of ψ(2S) mesons.
Comparison with J/ψ results at 13 TeV
The production cross-sections of ψ(2S) mesons at 13 TeV are compared with those of J/ψ mesons measured by LHCb at √ s = 13 TeV in the range 0 < p T < 14 GeV/c and 2.0 < y < 4.5 [24] , where the J/ψ meson is also assumed to be produced with zero polarisation. The ratio, R ψ(2S)/J/ψ , of the differential production cross-sections in the common range between prompt ψ(2S) and prompt J/ψ mesons is shown in Fig. 7 as a function of p T (y) integrated over 2.0 < y < 4.5 (2 < p T < 14 GeV/c). The NRQCD calculation of R ψ(2S)/J/ψ for prompt productions [49] is also shown. The ratio of production cross-sections between ψ(2S)-from-b and J/ψ -from-b is shown in Fig. 8 as a function of p T (y) integrated over 2.0 < y < 4.5 (2 < p T < 14 GeV/c). The FONLL calculations [53] are compared to the measured values. To calculate these ratios from the measured crosssections of ψ(2S) and J/ψ mesons, the systematic uncertainties due to the luminosity, the tracking correction, and the fit model are considered to be fully correlated. All other uncertainties are assumed to be uncorrelated. The numerical results of the measured ratios are listed in Tables 12 and 13 in Appendix A. The FONLL prediction agrees well with the experimental data for the production cross-section ratio between ψ(2S)-from-b and J/ψ mesons from b-hadron decays, while the NRQCD predictions show reasonable agreement with the measurements for prompt ψ(2S) and prompt J/ψ .
Comparison between 13 TeV and 7 TeV
The production cross-sections of ψ(2S) mesons in pp collisions at 13 TeV and 7 TeV are compared by means of their ratio, R 13/7 . Figures 9 and 10 show the ratios as functions of p T integrated over 2.0 < y < 4.5 and as functions of y integrated over 3.5 < p T < 14 GeV/c for prompt ψ(2S) and ψ(2S)-from-b, respectively. The NRQCD (FONLL) calculations of R 13/7 for prompt ψ(2S) (ψ(2S)-from-b) are also shown in the left (right) panel for comparison. Both FONLL and NRQCD predictions on R 13/7 agree well with the corresponding experimental data. The measured ratios are also presented in Tables 14 and 15 in Appendix A.
For both the theoretical calculations and the experimental measurements, some of the uncertainties in the ratio cancel, which allows for a more precise comparison to theory. In the calculation of these ratios from the measured ψ(2S) production cross-sections at 13 TeV and 7 TeV, the systematic uncertainty related to the branching fraction is assumed to be fully correlated. The uncertainties due to the luminosity, the fit model and the tracking correction are partially correlated. Other uncertainties are assumed to be uncorrelated. The larger cross-section for ψ(2S) production at √ s = 13 TeV compared to that at √ s = 7 TeV is mostly due to the increased centre-of-mass energy of pp collisions.
Measurement of the inclusive b → ψ(2S)X branching fraction
The reported results of the cross-section σ(ψ(2S)-from-b, 13 TeV), in combination with the previous results about J/ψ production [24], can be used to determine the inclusive branching fraction B(b → ψ(2S)X). To achieve this, both results must be extrapolated to the full phase space, as they are measured only for a limited range of phase space. The extrapolation factors for two decay channels, α 4π (ψ(2S)) and α 4π (J/ψ ), are determined using the LHCb-tuned Pythia 8 [33] (Pythia 6 [34] for the J/ψ measurement). The factors α 4π (ψ(2S)) and α 4π (J/ψ ) are found to be 7.29 and 5.20, respectively. In the ratio of the two factors,
most of the theoretical uncertainties are expected to cancel. The differences between the ξ values obtained from Pythia and FONLL, using different parton distribution functions, are small. The maximum difference is less than 3% between the available models.
With the definition of the ratio ξ, the B(b → ψ(2S)X) branching fraction can be obtained from the ratio This result is in agreement with the world-average value [12] . The B(b → J/ψ X) uncertainty dominates the total uncertainty from the branching fractions.
Conclusions
The production cross-sections of ψ(2S) mesons in proton-proton collisions at a centre-of-mass energy of 13 TeV are reported with a data sample corresponding to an integrated luminosity of 275 ± 11 pb −1 , collected by the LHCb detector in 2015. The double-differential cross-sections, as functions of p T and y of the ψ(2S) meson in the range of 2 < p T < 20 GeV/c and 2.0 < y < 4.5, are determined for prompt ψ(2S) mesons and ψ(2S) mesons from b-hadron decays. A new measurement of the branching fraction B(b → ψ(2S)X) is presented, which is in agreement with world average [12] . The measured prompt ψ(2S) production cross-section as a function of transverse momentum is in good agreement at high p T region with theoretical calculations in the NRQCD framework. Theoretical predictions based on the FONLL calculations describe well the measured cross-sections for ψ(2S) mesons from b-hadron decays.
A new measurement of ψ(2S) production cross-sections at 7 TeV is performed using the 2011 data sample corresponding to an integrated luminosity of 614 ± 11 pb −1 . The new result provides a significantly reduced uncertainty compared to the previous independent LHCb result [18] .
The cross section ratios between 13 TeV and 7 TeV show reasonable agreement with theoretical calculation. Table 2 : Double-differential production cross-sections (in nb/(GeV/c)) of prompt ψ(2S) mesons at 13 TeV in bins of (p T , y). The first uncertainties are statistical, the second are the uncorrelated systematic uncertainties between bins, and the last are the correlated systematic uncertainties between bins. Adjacent bins with large statistical uncertainties have been merged. Table 4 : Double-differential production cross-section in nb/(GeV/c) of prompt ψ(2S) mesons at 7 TeV in bins of (p T ,y). The first uncertainty is statistical, the second is the uncorrelated systematic uncertainties shared between bins and the last is the correlated systematic uncertainties.
Appendices
A Result tables
2.5 < y < 3 3 < y < 3. Table 6 : Differential production cross-sections dσ/dp T (in nb/(GeV/c)) of prompt ψ(2S) and ψ(2S)-from-b mesons at 13 TeV. The first uncertainties are statistical and the second (third) are uncorrelated (correlated) systematic uncertainties amongst bins. 4.84 ± 0.11 ± 0.10 ± 0.43 3.09 ± 0.08 ± 0.04 ± 0.28 13-14 2.98 ± 0.07 ± 0.06 ± 0.23 2.14 ± 0.06 ± 0.03 ± 0.17 14-20
1.13 ± 0.02 ± 0.02 ± 0.06 0.90 ± 0.02 ± 0.01 ± 0.05 Table 7 : Differential production cross-sections dσ/dy (in nb) of prompt ψ(2S) and ψ(2S)-from-b mesons at 13 TeV. The first uncertainties are statistical and the second (third) are uncorrelated (correlated) systematic uncertainties amongst bins.
y Prompt ψ(2S) ψ(2S)-from-b 2.0-2.5 751.4 ± 7.7 ± 7.6 ± 51.8 251.2 ± 2.8 ± 2.3 ± 17.6 2.5-3.0 679.1 ± 4.6 ± 2.4 ± 46.7 215.9 ± 1.6 ± 0.7 ± 15.0 3.0-3.5 588.7 ± 3.7 ± 2.0 ± 40.4 175.8 ± 1.4 ± 0.6 ± 12.7 3.5-4.0 482.3 ± 2.9 ± 1.9 ± 33.2 129.6 ± 1.2 ± 0.5 ± 9.1 4.0-4.5 357.8 ± 2.8 ± 2.3 ± 25.6 79.0 ± 1.4 ± 0.5 ± 5.7 Table 8 : Differential cross-sections dσ/dp T (in nb/(GeV/c)) of prompt ψ(2S) and ψ(2S)-from-b mesons at 7 TeV, integrated over y between 2.0 and 4.5. The first uncertainties are statistical and the second (third) are uncorrelated (correlated) systematic uncertainties amongst bins.
218.52 ± 1.61 ± 3.38 ± 11.61 49.61 ± 0.70 ± 0.91 ± 3.34 [4] [5] 151.91 ± 0.78 ± 2.39 ± 7.05 36.83 ± 0.35 ± 0.60 ± 1.97 5-6 88.13 ± 0.47 ± 1.51 ± 4.94 23.52 ± 0.24 ± 0.50 ± 1.55 6-7 50.77 ± 0.30 ± 0.99 ± 2.92 14.83 ± 0.16 ± 0.24 ± 0.95 7-8 30.10 ± 0.21 ± 0.73 ± 1.45 9.62 ± 0.12 ± 0.18 ± 0.52 8-9
15.59 ± 0.12 ± 0.65 ± 0.74 6.08 ± 0.09 ± 0.11 ± 0.32 9-10 10.52 ± 0.10 ± 0.38 ± 0.47 3.99 ± 0.07 ± 0.11 ± 0.24 10-11 6.20 ± 0.08 ± 0.25 ± 0.30 2.75 ± 0.05 ± 0.07 ± 0.16 11 -12 4.10 ± 0.06 ± 0.27 ± 0.24 1.81 ± 0.04 ± 0.04 ± 0.12 12-13 2.65 ± 0.06 ± 0.46 ± 0.15 1.20 ± 0.03 ± 0.03 ± 0.08 13-14 1.37 ± 0.03 ± 0.12 ± 0.11 0.86 ± 0.03 ± 0.04 ± 0.07 Table 9 : Differential cross-sections dσ/dy (in nb) of prompt ψ(2S) and ψ(2S)-from-b mesons at 7 TeV, integrated over p T between 3.5 and 14 GeV/c. The first uncertainties are statistical and the second (third) are uncorrelated (correlated) systematic uncertainties amongst bins.
y Prompt ψ(2S) ψ(2S)-from-b 2.0-2.5 230.5 ± 2.0 ± 6.3 ± 15.7 74.5 ± 0.9 ± 1.8 ± 5.8 2.5-3.0 235.4 ± 1.1 ± 2.3 ± 13.1 67.4 ± 0.5 ± 0.4 ± 4.4 3.0-3.5 203.9 ± 0.8 ± 1.6 ± 8.5 52.8 ± 0.4 ± 0.3 ± 2.5 3.5-4.0 164.6 ± 0.7 ± 1.7 ± 6.8 37.3 ± 0.3 ± 0.3 ± 1.6 4.0-4.5 106.9 ± 0.7 ± 1.6 ± 4.2 20.6 ± 0.3 ± 0.3 ± 1.0 Table 10 p T (GeV/c) 2.0 < y < 2.5 2.5 < y < 3.0 3.0 < y < 3.5 3.5 < y < 4.0 4.0 < y < 4. 1.81 ± 0.14 2.00 ± 0.17 2.5-3.0
1.54 ± 0.11 1.89 ± 0.14 3.0-3.5
1.54 ± 0.10 1.94 ± 0. 
